Abstract We have examined the influence of host plant genotype and geographical characters on the vertical distribution pattern of arbuscular mycorrhiza associated with Avena. The degree of colonization of oat roots at different soil depths (0-10, 10-20, 20-30, 30-40, 40-50 cm) was compared among three habitats from lower to higher altitude and six different cultivars in one specific habitat. Altitude had no impact on the percentage of root length colonized by mycorrhiza. However, oats growing at the higher altitudes formed more abundant arbuscules and vesicles within their roots. Plant genotype showed a significant influence on the percentage of root length colonized and abundance of arbuscules and vesicles, and there was much greater colonization of naked oat than of husk oat (common oat). The vertical distribution pattern of mycorrhizal root length was similar in terms of geographical and genotypic aspects, with the most extensive root colonization occurring in the topsoil and decreasing with increasing soil depth. However, the percentage of root length colonized by arbuscular mycorrhizal fungi (AMF) remained at about 20% colonization at a depth of 40-50 cm. Intraradical structures also showed a decreasing trend with increasing soil depth. The results suggest that an AMF "gene bank" may persist in the subsoil, and this may facilitate the ecological restoration of degraded agricultural areas.
Introduction
Oat (Avena) is extensively planted as a fodder crop on the vast ranges of northern and northwestern China, especially in the alpine regions of the Qinghai-Tibetan Plateau (Ma and Han 2000) as its resistance to cold and arid conditions, and its short growth periods are suited to alpine and arid regions. Most of the oats are used for livestock feed. Oat becomes an important supplementary feed for grazing livestock when the animals suffer from inadequate nutrition during the long, harsh winter season under traditional farming practices.
The potentially symbiotic relationship between host plant roots and arbuscular mycorrhizal fungi (AMF) can contribute significantly to plant nutrition and growth and has been shown to increase the productivity of a variety of agronomic crops (Smith and Read 2008) . Most studies have shown positive effects of AMF on host plant growth and development under conditions of low soil fertility (Jeffries and Rhodes 1987) . Several studies have also indicated that AMF can help plants survive freezing and drought conditions (Klironomos et al. 2001; Liu et al. 2007; Boomsma and Vyn 2008) . Therefore, AMF may make an important contribution to the productivity of oats grown in Qinghai province where the climate is characterized by low temperatures and arid conditions. However, information is lacking on the mycorrhizal status of oats in this region.
It has been well established that the extent of colonization of plant roots by AMF is influenced by both environmental factors (Smith and Read 2008; van der Heijden and Sanders 2002) and host plant genetics (Barker et al. 2002; Linderman and Davis 2004) . Plant genotypes have been shown to differ both in their ability to form mycorrhizas and in the relative benefit that they derive from mycorrhizal colonization (Smith and Read 2008; Barker et al. 2002; Tawaraya 2003) . By affecting temperature and precipitation, altitudinal gradients are important drivers of plant-microbe associations (Väre et al. 1997; Ruotsalainen et al. 2004; Zubek et al. 2009) . However, few studies have examined simultaneously host plant genetics and environment to determine their relative influence on mycorrhizal colonization (Gehring et al. 2006) . To understand the role of AMF in oat productivity, it is important to understand how AMF differ in their response to different environmental conditions and plant genotypes.
Some AMF acquire nutrients adjacent to roots, while others forage further away and explore different soil volumes (Smith et al. 2000) . This can lead to increased productivity through the complementary use of resources. A similar phenomenon has been observed in plants with different rooting depths. Host preference and host range are two functional traits that are potentially very important. However, most studies on mycorrhizal colonization and community structure are generally restricted to the main rooting zone (10-30 cm soil depth) (Klironomos et al. 1997; Rillig et al. 2000; Oehl et al. 2005) , and few studies have included the subsoil (Kabir et al. 1998; Neville et al. 2002; Rillig and Field 2003) . It follows that we have only a very limited understanding of how arbuscular mycorrhizas respond as a function of soil depth to different plant cultivars and environmental conditions. The present study was conducted to examine the level of AMF colonization of oat in three different habitats ranging from lower to higher altitude. AMF colonization of six oat cultivars was also surveyed at one specific altitude. Mycorrhizal status (percentage of root length colonized, presence of arbuscules and vesicles, spore density, and AMF species) were assessed down the 0-50 cm soil depth gradient. We have also compared the colonization of roots as affected by oat genotype.
Materials and methods

Study sites and host plants
The sites were selected to provide a transect from lower to higher altitude (1,600 to 3,100 m asl) and are located in Minhe, Huangzhong, and Haibei counties, respectively, of eastern Qinghai province (36°21′-37°04′ N, 100°57′-102°5 3′ E; Table 1 ). All three sites have the same soil type and texture, namely Typic Calcixeroll (USDA Soil Taxonomy 1998) and loam, respectively. The management of all the fields examined was the same and followed conventional practice. The fields sampled have no irrigation systems and routinely receive 50-70 kg N and 35-50 kg P ha −1 year −1 ;
they are plowed to a depth of up to 20-25 cm.
Sample collection
Soil samples were taken at the grain-filling stage of the oats in August 2007. We established three random 30-m 2 sampling plots within an area of 500 m 2 at each field site. In each of the three replicate plots per field site, five soil cores in a diagonal line were taken to a depth of 50 cm. The cores were separated into the following depth increments: 0-10, 10-20, 20-30, 30-40 , and 40-50 cm soil depth, and the sections from the same depth of the five cores of a given plot were pooled and analyzed as a single composite sample. The samples were carefully ground by hand, thoroughly mixed, air-dried, and analyzed for their soil pH (1:2.5 soil/water), soil total N (Kjeldahl method), available P (Olsen and Sommers 1982) , and organic matter content (Cambardella et al. 2001) (Tables 2 and 3 ).
Assessment of AM colonization
Roots separated from cores were washed carefully with tap water and cut into segments about 1 cm long. About 0.5 g of root segments were cleared in 10% (w/v) KOH at 90°C in a water bath for 60 min. After cooling, the root segments were washed and stained with 0.05% (w/v) Trypan blue (McGonigle et al. 1990) . Thirty 1-cm-long root segments were mounted on slides in a polyvinyl alcohol-lactic acidglycerol solution (Koske and Tessier 1983 ) and examined at ×100-400 magnification under a Nikon YS100 microscope. The percentage of root length colonized was calculated according to the method of Trouvelot et al. (1986) . The colonization data for specific AM structures are expressed as percentage of root length.
Spore counting and identification
Spores and sporocarps were extracted from 100 g air-dried subsamples of each soil sample in triplicate by wet sieving followed by flotation-centrifugation in 50% sucrose (Dalpé 1993) . The finest sieve used was 38 µm. AM fungal spores were counted on a grid-patterned dish under a binocular stereomicroscope.
The isolated spores of AMF were mounted on glass slides in polyvinyl-lactoglycerol (PVLG) or PVLG+Melzer's reagent (1:1, v/v) and then examined microscopically and identified according to taxonomic criteria (Schenck and Péréz 1990) and using information from the INVAM Web site on the Internet (http://invam.caf.wvu.edu) and the web page of Arthur Schüßler on Glomeromycota phylogeny and taxonomy on the Internet (http://www.lrz-muenchen.de/ schuessler/amphylo/).
Data analysis
Spore density was expressed as numbers of AM fungal spores per gram dried field soil. The dominant species were determined by the importance value, which is the average of species frequency and relative abundance of a particular species. SAS 8.2 software was used to conduct all statistical analyses. Significance of differences in mycorrhizal colonization among the samples from different soil depths at the three sites was analyzed using two-way analysis of variance and Duncan's multiple range test (three sites and five soil depths) and among cultivar transects (six cultivars and five soil depths).
Results
There were no significant differences in the root AM colonization among the three sites. However, oats growing at the higher altitude (Haibei) had a significantly greater abundance of arbuscules and vesicles ( Fig. 1) .
The intraradical structures were most extensive in roots in the topsoil (mostly at 0-10 cm and some at 10-20 cm) and showed a decreasing trend with increasing soil depth at all three sites. However, there were some differences in the proportions of arbuscules and vesicles at different soil depths among the sites. For example, root length with arbuscules in the top 10 cm represented 80% of those in the entire Minhe soil profile, with corresponding values of 37% and 41% of those at the Huangzhong and Haibei profiles, respectively.
The oat genotypes showed a significant influence on the mycorrhizal root length and abundance of arbuscules and vesicles. In general, percentage of mycorrhizal root length was higher in naked than in husk oat as determined. The colonization indices of V4 (Avena sativa L. cv. Canada cultivar) were the highest among the six cultivars (Fig. 2) . A decrease in mycorrhizal root length with increasing soil depth was most pronounced between the surface layer (0-10 cm) and the other soil layers of V1 (A. sativa L. cv. Qingyin No. 2) genotype and the upper four layers and the lowest layer in the case of V2 (A. sativa L. cv. Canada cultivar), V5 (Avena nuda L. cv. Xuan18), and V6 (A. nuda L. cv. Xuan 4600) genotypes. Intraradical structures including arbuscules and vesicles were most extensive in the topsoil and decreased with increasing depth in most of the field sites with the exception of arbuscules in V3 (A. sativa L. cv. Qinghai 444) and vesicles in V2.
The number of AMF spores decreased with increasing soil depth at different altitudes and on different Avena cultivars. Spore density at different altitudes showed significant differences, with the highest values at Huangzhong and the lowest at Minhe. Comparing cultivars, largest spore numbers were found in V2 and the smallest in V1 (Fig. 3) .
Thirty-six AM fungal species representing eight genera were detected in the soil profiles of the fields investigated. Glomus etunicatum, Glomus mosseae, Glomus intraradices, and Glomus geosporum were the dominant species (Table 4) .
Discussion
We found that the abundance of the intraradical structures arbuscules and vesicles in the 0-50 cm soil layer was greatly influenced by altitude with no effect on the overall (Entry et al. 2002; Meharg 2003; Baumann et al. 2005) . Our results may imply that AMF can make an important contribution to oat productivity by substantial colonization to enhance plant nutrition and adaptation to low temperatures and arid conditions. The observation that plant genetics affected the level of colonization contradicts the results of Gehring et al. (2006) , who found that environmental factors, particularly altitude, were more important than host plant genetics in influencing root colonization of cottonwood by AMF. Perhaps the relative influence of environment and plant genetics might differ between single and dual colonized plants. Edaphic conditions were not tested in this study because we selected sites with the same soil type and textural class (Table 1) . However, we found that the highest altitude site, Haibei, contained more soil P across different depths compared to other sites and also had the maximum AM colonization and AM fungal structures, especially arbuscules. A possible explanation may be different growth rates of A. sativa cv. Qingyin No. 2 at different altitudes resulting in varied nutrient demand. Zhang et al. (2007) investigate the effects of geographical location on herbage dry matter yield and nutritive value of oat on the Qinghai-Tibetan Plateau and found that plants growing at the highest altitude (2,960 m asl) showed the highest dry weight accumulation rate. Another influencing factor may be the later sampling By analysis of variance: **P<0.01, *P<0.05, NS not significant, same as below time (grain-filling stage). It has been found that the depressive effect of P on colonization was not apparent during periods of extensive productivity due to the progressive growth of the plants (Likar et al. 2009; Subramiam et al. 2008) .
AMF colonization was greatly influenced by genotype, in terms of both arbuscules and percentage of root length colonized. The colonization rate of naked oat was much higher than that of husk oat. In contrast to other oatproducing countries, the predominant type of oats grown in China has been the hulless variety A. nuda, or naked oats, which requires more favorable environmental conditions than husk oats (Zhou et al. 1999) . The more extensive colonization by AMF might increase the survival capability of naked oats in the cold and arid conditions prevailing in Qinghai and thus make a substantial contribution to the productivity of naked oats.
The intraradical structures and the spore numbers were more extensive in the surface than in the deeper soil layers (Figs. 2 and 3 ) thus confirming the results of Jakobsen and Nielsen (1983) and Rillig and Field (2003) . Physical and chemical properties of soil change with depth and influence the distribution of soil organisms (Abbott and Robson 1991; Entry et al. 2002) . Fungi are especially sensitive to low partial pressures of oxygen which prevail at depth (Brady and Weil 1996) , and AMF are generally scarce where roots are sparse (Anderson et al. 1987) . The percentage of root length colonized by AMF at a soil depth of 40-50 cm averaged 20%. Oehl et al. (2005) studied the vertical distribution of spores of AMF in soil profiles of extensively and intensively managed agricultural ecosystems and found that AMF communities in deep soil layers were surprisingly diverse, even in two continuously mono- cropped maize fields. We also detected 36 AMF species in the fields we investigated (Table 4) . Some species prefer specific soil layers, for example, G. etunicatum, was isolated more frequently at the lower soil layers, which was in accord with the result of Opik et al. (2006) . Additionally, some dominant species such as G. mosseae, G. intraradices, and G. etunicatum have been found to have a global distribution (Opik et al. 2006) . This suggests that an AM fungi "gene bank" may persist in the subsoil, facilitating agro-ecological restoration. Some additional functional traits such as the integrity and stability of hyphal networks might be important in arid environments where AMF types with stable networks may provide a better relationship between plants and soil and (Muthukumar et al. 2003) . Thus, the characteristics of extraradical hyphal networks and root morphology of oat cultivars will be the subject of future studies. New methods such as quantitative molecular techniques should also be considered for future investigations on the relative abundance of various AMF types and their impact on ecological processes.
